Reentry around nonconducting ventricular scar tissue, a cause of lethal arrhythmias, is typically treated by rapid electrical stimulation from an implantable cardioverter defibrillator. However, the dynamical mechanisms of termination ͑success and failure͒ are poorly understood. To elucidate such mechanisms, we study the dynamics of pacing in one-and two-dimensional models of anatomical reentry. In a crucial realistic difference from previous studies of such systems, we have placed the pacing site away from the reentry circuit. Our model-independent results suggest that with such off-circuit pacing, the existence of inhomogeneity in the reentry circuit is essential for successful termination of tachycardia under certain conditions. Considering the critical role of such inhomogeneities may lead to more effective pacing algorithms.
I. INTRODUCTION
Ventricular arrhythmias are often characterized by reentrant waves of excitation. The reentrant wave may propagate around an inexcitable obstacle ͑''anatomical reentry''͒ 3 or may reside in a region of the myocardium that is excitable in its entirety ͑''functional reentry''͒. 4, 5 Reentry causes an abnormally rapid heart rate ͑exceeding 100 beats/min͒ referred to as tachycardia, which may be fatal when arising in the ventricles because of the corresponding failure to adequately pump blood.
Trains of local electrical stimuli are widely used to restore normal wave propagation in the heart during ventricular tachycardia ͑VT͒. Patients at risk for VT are often treated with implantable cardioverter defibrillators ͑ICD͒. These devices utilize electrode ''leads'' that are threaded through the subclavian vein into the heart, where they are typically attached to the endocardial surface of the right ventricle. Via such electrodes, ICDs detect the onset of VT and then attempt to terminate it through rapid low-amplitude electrical stimulation ͑antitachycardia pacing͒. However, VT termination algorithms using rapid pacing through an ICD were developed over 20 years ago. These pacing algorithms ͑such as burst pacing and ramp pacing, explained in Sec. IV͒ were devised on heuristic principles that do not account for the spatio-temporal dynamics of interacting electrical waves in the heart. Furthermore, the underlying mechanisms governing the success and failure of antitachycardia pacing algorithms are not yet clear. Understanding these mechanisms is essential, especially given that such pacing is not always successful and may inadvertently cause tolerated tachycardias to degenerate to more rapid and threatening tachyarrhythmias. A better knowledge of the processes involved in the suppression of VT through such pacing might aid in the design of more effective therapies.
Several factors influence the ability of rapid pacing to interact with VT. The most prominent are 6 ͑a͒ VT rate ͑for anatomical reentry this is determined by the length of the VT circuit and conduction velocity around the obstacle͒, ͑b͒ the refractory period ͑i.e., the duration of time following excitation during which cardiac tissue cannot be re-excited͒ at the pacing site and in the VT circuit, ͑c͒ the conduction time from the pacing site to the VT circuit, and ͑d͒ the length of the excitable gap ͑the region of excitable tissue in the VT circuit between the front and refractory tail of the reentrant wave 7 ͒. Because there are a number of conditions to be satisfied before reentry is successfully terminated, a single stimulus is rarely sufficient. Multiple stimuli are often used, where the earlier stimuli are believed to ''peel back'' refractoriness to allow the subsequent stimuli to enter the circuit earlier than was possible with only a single stimulus.
Several studies have examined the dynamics of pacing directly on a one-dimensional ring containing a reentrant impulse. 4,8 -13 Most of these studies have been exclusively concerned with an entirely homogeneous ring of cardiac cells. The principal mechanism for termination of reentry in such a geometry ͑which is effectively that of the reentry circuit immediately surrounding an anatomical obstacle͒ is unidirectional block. Termination by this process occurs in the following manner. Each stimulus splits into two branches that travel in opposite directions around the reentry circuit. The retrograde branch ͑proceeding opposite to the direction of the existing reentrant wave͒ ultimately collides with the reentrant wave, causing mutual annihilation. The anterograde branch ͑proceeding in the same direction as the reentrant wave͒ can, depending on the timing of the stimulation, lead to resetting, where the anterograde wave becomes a new reentrant wave, or termination of reentry, where the anterograde wave is blocked by the refractory tail of the original reentrant wave. From continuity arguments, it can be shown that there exists a range of stimuli phases and amplitudes that leads to successful reentry termination. 9, 10 This argument, although later applied to other geometries, 12 was originally developed for a 1D ring, with the underlying assumption that the pacing site is on the reentry circuit itself. In reality, however, it is unlikely that the pacing site will be so fortuitously located because circuit location is typically not known when a defibrillating device is implanted.
In this study, we examine the dynamics of pacing from a site some distance away from the reentry circuit. Such offcircuit pacing introduces the realistic propagation of the stimulus from the pacing site to the reentry circuit. Because reentrant waves propagate outwardly from, in addition to around, the circuit, the stimulus will be annihilated before it reaches the circuit under most circumstances. Successful propagation to the reentry circuit typically requires utilizing multiple stimuli to ''peel back'' refractory tissue incrementally until one successfully arrives at the circuit. 6 Further, once a stimulus does reach the circuit, its anterograde branch must be blocked by the refractory tail of the reentrant wave, otherwise resetting will occur and termination will fail.
Our results indicate that, for a homogeneous medium, termination of reentry through the above process will be unsuccessful, under certain conditions, if the pacing site is not located on the reentry circuit itself. Thus, inhomogeneities sometime play a critical role in successful termination of reentry in a realistic pacing arrangement. We have examined these issues in a previous study. 14 Here we look at them in greater detail and extend our results to a 2D model. The mechanism of the termination process and its failure in a completely homogeneous medium is analyzed in detail in Sec. III, preceded by a short description of the type of anatomical reentry we have examined in Sec. II. Section III also contains the results of our numerical simulations of onedimensional models. In Sec. IV, the results of our twodimensional model simulations are described, while Sec. V contains a short exposition of our conclusions.
II. FIGURE-OF-EIGHT REENTRY
The underlying substrate for anatomical reentry in the ventricles is typically scar tissue that serves as anatomical conduction barriers. This is often the result of myocardialinfarction induced ischemia, i.e., oxygen deprivation of cardiac tissue due to obstruction of the coronary artery supplying oxygenated blood to that area. Experimental studies on patterns of activation during the acute phase of myocardial ischemia have shown reentrant activity around and across the ischemic border zone ͑e.g., in tissue which has healed after undergoing an episode of myocardial infarction 15 ͒. This type of activity often takes the form of ''figure-of-eight reentry,'' which consists of two adjacent counter-rotating reentry circuits that share a common pathway. Propagation in these circuits occurs within normal tissue and the ischemic border zone, while the anatomical barriers are the scar tissue comprising the ischemic central zone ͓Fig. 1͑a͔͒. This situation may be fatal if the VT rate is too rapid or if, as occurs in a large number of cases, the VT degenerates into ventricular fibrillation. 16 For our study of pacing termination of reentry, we looked specifically at a geometry of anatomical obstacles which give rise to a figure-of-eight pattern. For the 2D model we explicitly modeled this by using two rectangular inexcitable patches ͑''scar tissue''͒ at the center of the simulation domain with a narrow channel for wave propagation between them. The pacing site is placed away from the immediate vicinity of the patches, as we are investigating off-circuit pacing ͑i.e., pacing from a location at some distance from the reentry circuit͒. For the 1D model we consider one-half of this geometry, whereby we consider the reentry circuit around one of these inexcitable regions, with an entrance and an exit sidebranch ͓Fig. 1͑b͔͒ ͑the symmetry of the 2D spatial arrangement makes this a reasonable simplification͒. Because the pacing site is located away from the circuit, we consider it to be situated at a point in the entrance sidebranch.
Real scar tissue is unlikely to have regular shapes like squares or circles-rather they will have irregular contours. However, if one considers only the portion of the reentry circuit immediately surrounding the inexcitable region, then this can be modeled by a smooth circuit such as a circle. The 1D model represents this kind of circuit, which does not have any sharp edges. To ensure that the introduction of angular extremities do not change the qualitative picture, we look at scars in the shape of squares in the 2D model simulations. The presence of sharp edges in the square patches of inexcitable tissue did not effect our qualitative results. This implies that our results may be valid even if the inexcitable regions have realistic irregular contours.
III. ONE-DIMENSIONAL MODEL
Let us consider a reentrant circuit as a 1D ring of length L with separate entrance and exit sidebranches ͑Fig. 2͒. This arrangement is an abstraction of the spatial geometry involved in anatomical reentry. 6 We place the pacing site on the entrance sidebranch at a distance z from the circuit to observe whether reentry is terminated by a mechanism akin to a unidirectional block. We use the entrance sidebranch as the point of spatial origin (xϭ0) to define the location of the wave on the ring. The conduction velocity and refractory period at a location a distance x away ͑in the clockwise direction͒ from the origin are denoted by c(x) and r(x), respectively.
For a homogeneous medium, c(x)ϭc, r(x)ϭr ͑c,r are constants͒. Therefore, the length of the region in the ring which is refractory at a given instant is lϭcr. For sustained reentry to occur, an excitable gap must exist ͑i.e., LϾcr͒. We consider the circuit length L to be larger than the critical value required for periodic reentry ͑as opposed to, e.g., quasiperiodic regimes for shorter values of L͒, such that the conduction velocity and refractory period are constant. We assume that restitution effects, i.e., the variation of the action potential duration ͑APD͒ as a function of the recovery time, can be neglected. For convenience, we associate tϭ0 with the time when the reentrant wavefront is at xϭ0 ͑i.e., the entrance sidebranch͒ ͓Fig. 2͑a͔͒. Let us assume that a stimulus is applied at tϭ0. This stimulus will collide with the branch of the reentrant wave propagating out through the entrance sidebranch at tϭz/2c ͓Fig. 2͑b͔͒. The pacing site will recover at tϭr and if another stimulus is applied immediately it will reach the reentry circuit at tϭrϩ(z/c) ͓Fig. 2͑c͔͒. By this time the refractory tail of the reentrant wave will be at a distance xϭz away from the entrance sidebranch and the anterograde branch of the stimulus will not be blocked. Thus, when zϾ0, it is impossible for the stimulus to catch up to the refractory tail in a homogeneous medium. This results in resetting of the reentrant wave rather than its termination.
Note that if the first stimulus is given at a time t ϽϪz/c, it reaches the reentry circuit before the arrival of the reentrant wave. As a result, the retrograde branch collides with the oncoming reentrant wave, while the anterograde branch proceeds to become the reset reentrant wave. Even in the very special circumstance that the reentrant wave reaches the entrance sidebranch exactly at the same instant that the stimulus reaches the circuit, the collision of the two waves lead to a local depolarization that allows the propagation to continue along the reentrant circuit. As a result, pacing termination through a process analogous to a unidirectional block seems all but impossible in a homogeneous reentry circuit under the assumptions outlined above.
The situation changes, however, if an inhomogeneity ͑e.g., a zone of slow conduction͒ exists in the circuit ͓Fig. 2͑d͔͒. Such slow conduction zones have been detected within VT reentry circuits in chronic infarct scar tissue in the FIG. 2. Schematic diagram of reentry in a 1D ring illustrating the necessity of a region of inhomogeneity for successful termination of reentry by pacing. At tϭ0 the reentrant wave reaches the entrance sidebranch ͑a͒. At t ϭz/2c the reentrant wave propagating through the sidebranch and the first stimulus mutually annihilate each other ͑b͒. At tϭrϩ(z/c) the second stimulus reaches the reentry circuit by which time the refractory tail is a distance z away from the sidebranch ͑c͒. The presence of a region of inhomogeneity proximal to the pacing site makes it possible that the anterograde branch of the second stimulus will encounter a refractory region behind the reentrant wave ͑d͒.
heart. 17, 18 In this case, the above argument no longer holds because the waves travel faster or slower depending on their location in the circuit. As a result, stimuli may arrive at the circuit from the pacing site and encounter a region that is still refractory. This leads to successful block of the anterograde branch of the stimulus, while the retrograde branch annihilates the reentrant wave ͑as in the homogeneous case͒, resulting in successful termination. The success of pacing in this scenario will depend on the location of the inhomogeneity. For example, as the inhomogeneity in Fig. 2͑d͒ is moved in the clockwise direction, termination likelihood decreases because the stimulus will have a longer distance to traverse before reaching the inhomogeneity, which will correspondingly have a longer time in which to recover. This is supported by electrophysiological studies of pacing in cardiac tissue. 19 Note that the refractory period r refers to the absolute refractory period, i.e., the period immediately following the excitation of the tissue when it cannot be re-excited even with stimulation of arbitrarily high amplitude. One can additionally consider a relative refractory period following the absolute refractory period, when the medium is capable of being excited but the threshold stimulus required to excite it is increased beyond that required normally. This does not change the arguments introduced above. If the stimulus enters the circuit during the relative refractory period, it will propagate slower than the reentrant wave ͑c is effectively smaller in the relative refractory tissue͒ and the stimulus is even less likely to catch up with the refractory tail of the reentrant wave. Therefore, termination in the absence of inhomogeneity in the reentry circuit appears to be impossible even if one considers a relative refractory period, in addition to an absolute refractory period.
Similar arguments may apply for other types of inhomogeneity. For example, existence of a region having longer refractory period will lead to the development of patches of refractory zones in the wake of the reentrant wave. If the anterograde branch of the stimulus arrives at such a zone before it has fully recovered, it will be blocked. 3 The conclusion that the existence of inhomogeneity in the reentry circuit is essential, under certain conditions, for pacing termination of VT by a mechanism similar to unidirectional block, is also supported by the simulation results reported in the following two subsections.
A. Luo-Rudy simulation results
We assume that the cardiac impulse propagates in a continuous one-dimensional ring of tissue ͑ignoring the microscopic cell structure͒ with ring length L, representing a closed pathway of circus movement around an anatomical obstacle ͑e.g., scar tissue͒. The propagation is described by the partial differential equation,
where V ͑mV͒ is the membrane potential, C m ϭ1 F cm Ϫ2 is the membrane capacitance, D (cm 2 s Ϫ1 ) is the diffusion constant, and I ion (A cm Ϫ2 ) is the cellular transmembrane ionic current density. We used the Luo-Rudy I action potential model, 20 in which 20 . We solve the model by using a forward-Euler integration scheme. We discretize the system on a grid of points in space with spacing ␦xϭ0.01 cm and use the standard three-point difference stencil for the 1D Laplacian. The spatial grid consists of a linear lattice with N points; in this study we have used values of N ranging from 500 to 2500. The time step is ␦tϭ0.005 ms. Stimulation is through a square pulse of current with amplitude 3 times the threshold at rest, applied over a length 300 m for a duration of 0.04 ms.
The initial condition is a stimulated wave at some point in the medium with transient conduction block on one side to permit wavefront propagation in a single direction only. The conduction block is realized by applying the initiating impulse at the refractory end of a preceding wave. This initiates a reentrant wave which roughly corresponds to an anatomically-mediated tachycardia. Extrastimuli are then introduced from a pacing site.
To understand the process of inhomogeneity-mediated termination, we introduced a zone of slow conduction in the ring. The slow conduction observed in cardiac tissue under experimental ischemic conditions ͑lack of oxygen to the tissue͒ 21 can be reasonably attributed to a high degree of cellular uncoupling, as demonstrated by model simulations. 22 In our model, slow conduction was implemented by varying the diffusion constant DЈ from the value of D used for the remainder of the ring. The length and diffusion constant (DЈ) of the zone were varied to examine their effect on the propagation of the anterograde branch of the stimulus. The reentrant wave activates the point in the ring ͑proximal to the zone of slow conduction͒ chosen to be the origin (xϭ0), where the stimulus enters the ring, at time tϭT 0 . At time t ϭT 1 , the first stimulus was given at xϭ0 followed by a second stimulus at tϭT 2 . The first stimulus is able to terminate the reentry by itself if it is applied when the region on one side of it is still refractory-leading to unidirectional propagation. This is identical to the mechanism studied previously for terminating reentry by pacing within a 1D ring. 9 However, as mentioned earlier, we are interested in the effect of pacing from a site away from the reentry circuit. In that case, it is not generally possible for the first stimulus to arrive at the reentry circuit exactly at the refractory end of the reentrant wave ͑as discussed above͒. Therefore, we consider the case when the first stimulus is unable to block the anterograde conduction by itself. We have used values of T 1 for which the first stimulus can give rise to both the anterograde as well as the retrograde branches. Figure 3͑a͒ shows an instance of successful termination of the reentrant wave in a ring of length Lϭ250 mm, where the anterograde branch of the second stimulus is blocked in the region of slow conduction ͑at time tϳ1275 ms, xϭ50 mm͒. Figure 3͑b͒ shows the spatial profile of the APDs for the reentrant wave and the activation fronts produced by the pair of stimuli at times T 1 and T 2 . The APD of an activation wave is measured as the time-interval between successive crossing of Ϫ60 mV by the transmembrane potential V.
Different values of coupling interval (CIϭT 1 ϪT 0 ) and pacing interval (PIϭT 2 ϪT 1 ) were used to find which parameters led to block of the anterograde wave. Figure 4͑a͒ is a parameter space diagram which shows the different parameter regimes where termination was achieved. The data shown are for a zone of slow conduction in a ring of length 250 mm, where the zone of slow conduction is between x ϭ50 mm and xϭ75 mm. The diffusion constant changes sharply from Dϭ0.14 to DЈϭ0.035 cm 2 /s at the boundary of the inhomogeneity, with an infinite gradient. We also observed reentry termination when the diffusion constant changes gradually at the boundaries, i.e., with a finite gradient. For instance, when the diffusion constant changes from Dϭ0.22 to DЈϭ0.032 cm 2 /s at the boundary with a gradient FIG. 3 . ͑a͒ Plot of the membrane potential showing spatiotemporal propagation of a reentrant wave in a Luo-Rudy ring of length 250 mm, successfully terminated by pacing with two stimuli. The zone of slow conduction is between xϭ50 mm and xϭ75 mm. In this region the diffusion constant changes from Dϭ0.14 to DЈϭ0.035 cm 2 /s with an infinite gradient at the boundaries. The reentrant wave activates the site at xϭ0 mm at T 0 ϭ54.53 ms. The first stimulus is applied at xϭ0 mm at T 1 ϭ653.3 ms ͑coupling intervalϭ598.77 ms͒ and the second is applied at xϭ0 mm at T 2 ϭ1013.3 ms ͑pacing intervalϭ360 ms͒. ͑b͒ Same figure as above but showing the spatial profile of the APD ͑in gray͒ associated with the reentrant wave and the activation fronts produced by the pair of applied stimuli. APD is measured as the time interval between successive crossings of Ϫ60 mV by the membrane potential V. ͑c͒ Plot of the excitability variable e showing spatiotemporal propagation of a reentrant wave in a Panfilov ring of length 250 mm, successfully terminated by pacing with two stimuli. The zone of slow conduction is between xϭ25 mm and xϭ50 mm. In this region the diffusion constant changes from Dϭ2.0 to DЈϭ0.2 cm 2 /s with an infinite gradient at the boundaries. The reentrant wave activates the site at xϭ0 mm at T 0 ϭ39.71 ms. The first stimulus is applied at xϭ0 mm at T 1 ϭ172.0 ms ͑coupling intervalϭ132.29 ms͒ and the second is applied at xϭ0 mm at T 2 ϭ327.0 ms ͑pacing intervalϭ155.0 ms͒.
of ⌬D/⌬xϭ3.8 cm/s, then termination is observed to occur between PIϭ350.3-371.3 ms, for CIϭ612.4 ms. Our results indicate that a smaller gradient at the boundary between the two regions sharply decreases the range of pacing intervals ͑for a fixed coupling interval͒ which lead to successful termination. In fact, if the gradient becomes small enough, no reentry termination is observed at any pacing parameter ͑CI-PI͒ value. This suggests that a sufficiently sharp transition between regions of fast and slow conduction is required for the inhomogeneity to disrupt conduction dynamics enough to lead to pacing termination. The effect of sharp versus gradual transition in intercellular resistance on the propagation of activation fronts in a 1D cable has been observed before in Refs. 23, where it was found that a sharp rise in resistance is more detrimental to wave propagation than a gradual increase, supporting our observations. However, whereas the previous studies reported that propagation block occurred as the wavefront was entering the low resistance region from the high resistance region, we observe the block to occur as the wave entered the high resistance region from the low resistance region. This indicates that the conduction block reported here is a dynamical effect linked to the local prolongation of the APD at the boundary of the zone of slow conduction 14 and therefore, is very different from that reported in the previous studies where the block was linked to a process of local activation.
We found that varying the size of the zone of slow conductance ͑specifically, between 1.5 mm and 25 mm͒ had no qualitative effect on the results. This is likely due to the fact that the conduction disruption that causes termination occurs in the inhomogeneity's boundary region. We also observed that increasing the distance of the zone of slow conduction from the stimulation site decreases the range of pacing intervals which lead to successful reentry termination for a fixed coupling interval. For instance, for CIϭ598.77 ms, displacing the inhomogeneity by 30 mm ͑12%͒ away from the site of stimulation, decreased by 5.6 ms (ϳ15%) the range of pacing intervals for which reentry termination occurs.
B. Fitzhugh-Nagumo simulation results
To ensure that these results were not model dependent, especially on the details of ionic currents, we also looked at a modified Fitzhugh-Nagumo-type excitable media model of ventricular activation proposed by Panfilov. 24 This model is defined by the two equations governing the excitability e and recovery g variables, ‫ץ‬e/‫ץ‬tϭDٌ 2 eϪ f ͑ e ͒Ϫg, ͑2͒ ‫ץ‬g/‫ץ‬tϭ⑀͑e,g ͒͑ keϪg ͒.
The function f (e), which specifies fast processes ͑e.g., the initiation of the action potential͒ is piecewise linear: f (e) ϭC 1 e, for eϽe 1 , f (e)ϭϪC 2 eϩa, for e 1 рeрe 2 , and f (e)ϭC 3 (eϪ1), for eϾe 2 . The function ⑀(e,g), which determines the dynamics of the recovery variable, is ⑀(e,g) ϭ⑀ 1 for eϽe 2 , ⑀(e,g)ϭ⑀ 2 for eϾe 2 , and ⑀(e,g)ϭ⑀ 3 for eϽe 1 and gϽg 1 . We use the physically appropriate parameter values given in Ref. 25 . We solve the model by using a forward-Euler integration scheme. The system is discretized on a grid of points with spacing ␦xϭ0.05 cm and the standard three-point difference stencil is used for the 1D Laplacian. The spatial grid consists of a linear lattice with N points; in this study we have used values of N ranging from 500 to 1000. The time step is ␦t ϭ0.11 ms. Decreasing the space step by a factor of 2 and the FIG. 4 . ͑a͒ Parameter space diagram of coupling interval ͑CI͒ and pacing interval ͑PI͒ at which termination occurs in the 1D Luo-Rudy ring of length 250 mm with a zone of slow conduction 25 mm long. The VT period around the ring is 1414.72 ms. The line connecting the circles represents the critical pacing interval value below which the second stimulus gets blocked by the refractory tail of the first stimulus. The lines connecting the squares represent the pacing interval below which the second stimulus is blocked in the anterograde direction in the zone of slow conduction ͑leading to successful termination͒ for boundaries between regions with Dϭ0.14 and DЈ ϭ0.035 cm 2 /s having an infinite gradient. For longer PI, the second stimulus propagates through the inhomogeneity and only resets the reentrant wave. Note that, the APD of the reentrant wave at the point of stimulation (xϭ0) is 359.15 ms. ͑b͒ Parameter space diagram of coupling interval ͑CI͒ and pacing interval ͑PI͒ at which termination occurs in the 1D Panfilov ring of length 250 mm with a zone of slow conduction 25 mm long. The VT period around the ring is 883.08 ms. The line connecting the circles represent the pacing intervals below which the second extrastimulus gets blocked by the refractory tail of the first extrastimulus. The lines connecting the squares represent the pacing intervals below which the second extrastimulus is blocked in the anterograde direction at the edge of the region of slow conduction ͑leading to successful termination͒ for boundaries between regions with Dϭ2.0 and DЈϭ0.2 cmtime step by a factor of 4, changed the conduction velocity by Ͻ5%. The scaled diffusion constant for the homogeneous ring is Dϭ2 cm 2 /s. Stimulation is through a square pulse of current with amplitude 4 times the threshold at rest, applied over a length 0.15 cm for a duration of 7.5 ms.
The initial condition is a stimulated wave at some point in the medium with transient conduction block on one side to permit wavefront propagation in a single direction only. The conduction block is realized by making the corresponding region refractory. Inhomogeneity was introduced into the model through a region of slow conduction with a diffusion constant DЈ, different from the value of D used for the remainder of the ring. The length and diffusion constant of the inhomogeneous region were varied to examine their effects on the success of reentry termination.
As in the Luo-Rudy simulation, the point where the stimulus enters the ring is chosen to be the origin (xϭ0). At time tϭT 0 , the reentrant wave activates the origin. The first stimulus is applied at xϭ0 at time tϭT 1 followed by a second stimulus at time tϭT 2 . We use only values of coupling interval for which the first stimulus can give rise to both anterograde and retrograde branches. In this scenario, termination occurs by block of the anterograde branch of the second stimulus at the boundary of the inhomogeneity. Figure  3͑c͒ shows an instance of successful termination of the reentrant wave in a ring of length Lϭ250 mm, for a coupling interval of 132.29 ms and a pacing interval of 155.0 ms ͑at time tϳ404.1 ms, xϭ25 mm͒.
This two-variable model lacks any description of ionic currents and does not exhibit either the restitution or dispersion property of cardiac tissue. As expected, such differences resulted in quantitative changes in termination requirements. Specifically, the parameter regions at which termination occurs for the Panfilov model ͓Fig. 4͑b͔͒ are different from those shown in Fig. 4͑a͒ for the Luo-Rudy model. Nevertheless, despite quantitative differences, these fundamentally different models shared the requirement of an inhomogeneity for termination, thereby supporting the model independence of our findings.
IV. TWO-DIMENSIONAL MODEL
The necessity of inhomogeneity in the reentry circuit extends to the case of pacing termination in a twodimensional model. A few studies have looked at the role of inhomogeneities in such a setting. 3, 26 Reference 3 examined the role of a region of increased refractoriness placed in the reentry circuit, while Ref. 26 investigated the effects of highfrequency stimulation of excitable media with an inexcitable obstacle. Both studies noted conditions in which reentrant patterns are eliminated. However, by building upon the 1D model results of Sec. III and connecting it to 2D models, in this section we more firmly establish ͑than suggested in earlier studies͒ the important role of inhomogeneities in pacing termination of reentry.
We solve the Panfilov model ͑discussed in the previous section͒ in two dimensions by using a forward-Euler integration scheme. We discretize our system on a grid of points in space with spacing ␦xϭ0.5 dimensionless units and use the standard five-point difference stencil for the Laplacian. 27 The spatial grid consists of a square lattice with NϫN points; in our studies we have used values of N ranging from 128 to 256. The time step is ␦tϭ0.022 dimensionless units. We define dimensioned time T to be 5 ms and 1 spatial unit to be 1 mm. The scaled diffusion constant for the homogeneous system is 2 cm 2 /s. For the top and bottom of the 2D simulation domain we use no-flux ͑Neumann͒ boundary conditions because the ventricles are electrically insulated from the atria ͑top͒ and the waves converge and annihilate at the region around the apex ͑bottom͒ ͓Fig. 5͑c͔͒. For the sides, we use periodic boundary conditions to represent the ''wraparound'' nature of the ventricle. Two rectangular patches of an inexcitable region ͑with diffusion constant Dϭ0͒ are placed about the center of the simulation domain with a narrow passage for wave propagation between them. No-flux boundary conditions are used at the interface between the active medium and the inexcitable obstacle. We use this arrangement to represent anatomical obstacles ͑e.g., scar tissue͒ around which ''figure-of-eight'' reentry can occur, as depicted schematically in Fig. 1 .
Our initial condition is a wavefront initiated at some point in the narrow conducting channel between the two inexcitable regions. A conduction block immediately below the point of initiation ͑implemented by making the corresponding region refractory͒ permits the propagation of the wave along a single direction ͑upward͒ only. The wave proceeds along the narrow channel and then around the two anatomical obstacles, setting up a figure-of-eight reentry pattern.
We looked at the effectiveness of different pacing algorithms in terminating figure-of-eight reentry. The pacing was simulated by a planar wave initiated at the base of the simulation domain. This represents a wave that has propagated a fixed distance up the ventricular wall from a local electrode at the apex-similar to a wave initiated at the tip of an in- verted cone before propagating up its walls ͓Fig. 5͑b͔͒.
Two different pacing patterns were applied. The first used pacing bursts at a cycle length which was a fixed percentage of the tachycardia cycle length ͑determined by the size of the obstacles͒. This corresponds to ''burst pacing'' used in ICDs. 28 The pacing cycle length as well as the number of extrastimuli in each pacing burst ͑4 -8͒ were varied to look at their effects on the reentrant wave. The second was decremental ramp pacing in which the interval between successive extrastimuli was gradually reduced ͓corresponding to ''ramp pacing'' used in ICDs ͑Ref. 28͒.͔ For a homogeneous cardiac medium, both ramp and burst pacing were unsuccessful at terminating reentry. An example of the time evolution of such a procedure with a 4-stimulus pacing burst is shown in Fig. 6 . We tried up to 8-stimulus pacing trains and a comprehensive range of combinations of coupling and pacing intervals, all without successful termination. The reason for the failure of pacing to terminate reentry is similar to that in the 1D model. As the pacing wave approaches the reentry circuit, it is intercepted by the outwardly propagating wavefront originating from the reentry circuit, resulting in mutual annihilation ͑not shown͒. During the ensuing refractory period a pacing wave cannot approach the circuit at all. If a stimulus is applied immediately after the end of the refractory period, the wave propagates into the simulation domain ͑see the panels corresponding to tϭ495-550 ms in Fig. 6͒ , mutually annihilating with the reentrant wave at some point in the circuit ͑as occurs in the regions between the anatomical barriers and the vertical domain boundaries in the time between the tϭ550 ms and 605 ms snapshots of Fig. 6͒ . However, the branch of the stimulated wave proceeding along the narrow passage between the inexcitable obstacles continues on its path ͑see the panel corresponding to tϭ605 ms in Fig. 6͒ . When stimulation is halted, this intrachannel impulse gives rise again to a reentrant wave ͑e.g., the panels corresponding to t ϭ1155-1320 ms in Fig. 6͒ . This merely resets the reentry rather than terminating it. Only by blocking the branch of the stimulus propagating along the narrow channel is it possible to achieve successful termination.
As shown in Fig. 7 , termination via such intrachannel blocking is possible in the presence of inhomogeneity. This is accomplished by placing a small zone ͑7.5 mm in length͒ of slow conduction in the narrow channel between the two FIG. 6 . Snapshots of waves ͑in white͒ at different times ͑labeled in msec above each plot͒ for the excitability e, upon application of a 4-stimulus pacing burst ͑applied at 462 ms, 627 ms, 792 ms, and 957 ms͒. Upon first appearance of each wave, its direction is indicated by a black arrow. The initial condition was a wave rotating around the rectangular obstacles ͑in black͒ as seen in the first four panels. The simulation domain (128 mm ϫ128 mm) is completely homogeneous with a diffusion constant D ϭ2 cm 2 /s. The two inexcitable obstacles are each 48.5 mm long and 43 mm wide, while the channel between the two obstacles has a width of 2.5 mm. Pacing failed to terminate the reentrant wave.
FIG. 7.
Snapshots of waves at different times ͑labeled in msec above each plot͒ for the excitability e, upon application of a 4-stimulus pacing burst ͑applied at 462 ms, 627 ms, 792 ms, and 957 ms͒. The simulation domain has a region of slow conduction in the narrow channel between the two inexcitable obstacles, of length 7.5 mm and a diffusion constant DЈ ϭ0.1 cmnonconducting patches. The diffusion constant in this region was 0.05 times smaller than the rest of the tissue. A 4-stimulus pacing burst ͑with a pacing interval of 165 ms͒ was found to successfully block the anterograde branch of the extrastimulus traveling through the narrow channel, and hence terminate the reentry ͑see the panels corresponding to tϭ1155-1320 ms in Fig. 7͒ . The timing of the stimulus relative to the reentrant wave is important, as applying the pacing at a slightly later time ͑but with same pacing interval͒ leads to failure of termination ͑Fig. 8͒.
Cardiac tissue also exhibits anisotropy-the action potential propagates faster along the direction of the myocardial fibers ͑longitudinal͒ than perpendicular to it ͑transverse͒. Although this is a type of inhomogeneity, the spatial gradient of the diffusion constant is much more gradual than that of the inhomogeneous region we have used in our simulation shown in Fig. 7 . As we have seen in Sec. III, with onedimensional models, the parameter space in which successful termination can occur decreases with the increasing smoothness of the transition at the boundary of the inhomogeneity. This implies that there is a critical spatial gradient of intercellular resistance below which the inhomogeneity will not block the anterograde branch of the applied stimulus. Because anisotropy is a very gradual inhomogeneity, anterograde wave propagation is not disrupted enough by the anisotropy to lead to block and termination of propagation. This conclusion is supported by our 2D simulation, in which we looked at the effect of anisotropy by making the conductivities along the vertical and the horizontal axes differ in a ratio of 1:0.3, which is consistent with cardiac tissue. 29 As with the homogeneous case, in the anisotropic case, none of the pacing methods we tried were successful in terminating reentry ͑one example is shown in Fig. 9͒ .
For the 2D studies, in addition to the Panfilov model, we used two other 2-variable modified Fitzhugh-Nagumo-type models: the Aliev-Panfilov model ͑parameters are those given in Ref. 
V. CONCLUSION
There are certain limitations of our study. We have looked at one and two-dimensional models of anatomical reentry. However, the heart's three-dimensional structure is important in reentry, as the rotation of the axis of anisotropy along the thickness of the myocardium governs the propagation of impulses along the ventricle. We have also assumed the heart to be a monodomain rather than a bidomain ͑which has separate equations for intracellular and extracellular space͒. We believe this simplification to be justified for the low antitachycardia pacing stimulus amplitude. We have used a higher degree of cellular uncoupling to simulate ischemic tissue where slow conduction occurs. However, there are other ways of simulating ischemia, 32 including, by increasing the external K ϩ ion concentration. 33 But this is transient and does not provide a chronic substrate for inducing arrhythmias.
Despite these limitations, the results presented here offer insight into pacing termination of anatomical reentry in the ventricle. We have developed model-independent mathematical arguments, supported by one-and two-dimensional simulations, that under certain conditions, the presence of circuit inhomogeneities is required for termination of anatomicalreentry VT through an unidirectional block like mechanism when stimulation occurs off the circuit ͑as is typical in reality͒. Given the clear dynamical similarity between the bidirectional block required for reentry termination and the unidirectional block required for reentry initiation 4 it is noteworthy that the inhomogeneity-mediated mechanism of termination suggested here is consistent with the widely accepted theory that initiation of reentry is facilitated by circuit inhomogeneities 4,34 ͑but does not necessarily require a zone of slow conduction, in particular 35 ͒. Considering the crucial role of such inhomogeneities in future studies may lead to more effective tachycardia termination pacing algorithms.
